nephrogenesis; NSAID; patent ductus arteriosus NEPHROGENESIS IS NORMALLY completed in utero between 32-and 36-wk gestation (13) . Therefore, infants born extremely preterm (Ͻ28-wk gestation) are born at a time when nephrogenesis is still ongoing. Although it has been shown that nephrogenesis continues postnatally after preterm birth (10, 31) , there is evidence to suggest that it may be impaired with previous reports of reduced glomerular generation formation (24) , accelerated postnatal maturation (31) , and the presence of morphologically abnormal glomeruli in the outer renal cortex of the preterm kidney (10, 24, 31, 32) . These glomeruli are cystic in appearance, exhibiting an enlarged Bowman's space and shrunken glomerular tuft (10, 31, 32) . Through previous studies in a baboon model of preterm birth, we have demonstrated that the proportion of abnormal glomeruli varies considerably between neonates (10, 32) , suggesting that the morphological abnormalities may not be attributed to preterm birth per se, but rather to factors in the postnatal clinical course of the preterm neonate (which varies with each neonate).
Exposure to medications commonly occurs during the period of postnatal nephrogenesis in the preterm neonate. NSAIDs are used in the treatment of a patent ductus arteriosus (PDA), a condition affecting up to 70% of extremely preterm neonates (11) . NSAIDs, such as ibuprofen, act by preventing prostaglandin synthesis via the inhibition of cyclooxygenase (COX) enzyme activity (36) . Following NSAID treatment, 30% of infants fail to close their PDA, or after an initially successful closure the PDA will reopen (8, 28) . This failure to respond to treatment has been attributed to a compensatory increase in vasodilatory nitric oxide production (2, 3, 29) . Recent studies in preterm baboon and human infants demonstrate that treatment of a PDA with a combination of NSAIDs and nitric oxide synthase inhibitors significantly increases the success of ductus closure compared with NSAID treatment alone (16, 26) .
Importantly, there is experimental evidence to suggest that exposure to NSAIDs can adversely impact nephrogenesis. Komhoff et al. (19) and Olliges et al. (23) recently determined that NSAID exposure led to a significantly reduced cortical mass, reduced glomerular density, and reduced glomerular and tubular volumes in mice models of NSAID exposure during the period of postnatal renal development. Similarly, Kent et al. (17, 18) observed a significantly reduced glomerular density and also renal injury in neonatal rats with early postnatal NSAID exposure; however, there was no effect on total nephron endowment. Of particular importance, in human infants exposed in utero to NSAIDs, changes in renal morphology have been described (15, 33) which are similar to the glomerulocystic changes observed in the preterm baboon kidney. NOS inhibitors elicit a similar physiological response as NSAIDS, such as reduction in renal blood flow and urine output (27) ; however, the effects on nephrogenesis have not been previously investigated. Therefore, the aim of this study was to determine the effects of ibuprofen treatment on renal development and morphology in the preterm baboon kidney both alone and in combination with a NOS inhibitor.
METHODS

Animal Care and Treatment Groups
All animal studies were performed at the Southwest Foundation for Biomedical Research (San Antonio, TX) and were approved by the institutional animal care and use committee. Baboon neonates were delivered prematurely by caesarean section at 125 days' gestation (term ϭ 185 days), a time point equivalent to 27-wk gestation in humans. Animals in the gestational (fetal) control group (125d; n ϭ 8) were euthanized at delivery. The remainder of animals were cared for in a primate intensive care nursery and were euthanized on postnatal day 6 (144 h after delivery), with the exception of one animal in the ibuprofen plus NOS inhibitor group, which was euthanized on postnatal day 5 (120 h after delivery).
Preterm baboon neonates received one of three treatment protocols, as have been previously described (26, 35) : 1) no treatment (Untreated; n ϭ 8); 2) ibuprofen alone (Ibuprofen; n ϭ 6); and 3) ibuprofen plus nitric oxide synthase inhibitor (IbuϩNOSi; n ϭ 4).
In the Ibuprofen group, ibuprofen lysine (Farmacon; Westport, CT) was administered intravenously at 10 mg/kg (over 20 min) at 24 h of age, followed by 5 mg/kg at 48, 72, 96, and 120 h of age. This dosing regime was based on the recommended dosage of ibuprofen for the treatment of a patent ductus arteriosus in human preterm infants (22) . In the IbuϩNOSi group, ibuprofen was given in combination with the nitric oxide synthase inhibitor N G -monomethyl-L-arginine (L-NMMA). Treatment with L-NMMA (Calbiochem, San Diego, CA) was initiated at 50 h after delivery, and was continuously infused at a rate of 20 mg·kg Ϫ1 ·h Ϫ1 until the time of necropsy.
Physiological Measurements
Echocardiographic assessment of ductal patency was performed daily using an 8-mHz transducer interfaced with a Biosound AU3 echocardiographic system (Genoa, Italy). Animals were instrumented with an umbilical arterial catheter, which enabled measurement of blood pressure, and the administration of fluid requirements. Fluid intake and urine output were continuously recorded over the 6 days of life. Mean blood pressure, at 12, 24, 48, 96, and 120 h of life was determined by averaging three measured values of systolic and diastolic blood pressure (within a 4-to 6-h period) around the defined time point.
In the assessment of blood pressure, infusion rates of L-NMMA were reduced by 25% if mean systemic blood pressure was consistently Ͼ47 mmHg. In cases of significant hypotension (defined as a mean blood pressure of Ͻ25 mmHg, accompanied by either increasing base deficit or decreasing urine output), volume supplementation was first initiated (10 -20 ml/kg, administered at least twice over a 1-h period) followed by the use of inotropic support. Dopamine was initially administered at a rate of 4 -6 g·kg Ϫ1 ·min Ϫ1 and further increased to a maximum rate of 20 g·kg Ϫ1 ·min Ϫ1 . If mean blood pressure failed to respond to volume and inotropic drugs within 2-4 h, then hydrocortisone (Soul-Cortef, Pharmacia & Upjohn, Kalamazoo, MI) at a dose of 0.5-1.0 mg/kg was administered at 6-h intervals until either mean blood pressure increased to Ͼ28 mmHg or a maximum of four doses of hydrocortisone was received.
Tissue Collection and Processing
Kidneys collected at necropsy from animals in the Ibuprofen and IbuϩNOSi groups, and from five animals from the Untreated group, were embedded in Tissue-Tek OCT compound and snap frozen in liquid nitrogen. Kidney tissue from the 125d gestational control group, and from three animals in the Untreated group, was formalinfixed and embedded in paraffin. There was no significant difference observed in any measured parameters between the formalin-fixed paraffin-embedded tissue and the frozen tissue within the Untreated group.
Kidneys were halved along the coronal axis before embedding, and sectioned at a similarly central region for each kidney. Sections (5-7 m) were stained with hematoxylin and eosin. In all assessments of renal development and morphology, the researcher was blinded to the experimental grouping of the animals.
Assessment of Renal Development and Morphology
Nephrogenic zone width. The width of the nephrogenic zone, defined as the area in the outer renal cortex exhibiting developing glomerular structures in the form of comma-and S-shaped bodies, was measured using image analysis software (Image Pro Plus v6.0 for Windows; Media Cybernetics, Silver Spring, MD). This method has previously been utilized to assess renal maturity in both human (5, 31) and baboon (10) fetal and neonatal kidneys. One stained section from each kidney was viewed at ϫ200 magnification, and the width of the nephrogenic zone was measured in four separate regions. An average nephrogenic zone width was determined for each kidney.
Glomerular generation number. The medullary ray glomerular generation counting method was utilized to estimate the number of glomerular generations formed within the kidney. This method has been validated by Hinchliffe and colleagues (12) , and also utilized in previous studies to assess renal maturity in preterm human (6, 24, 31) and baboon neonates (10, 32) . In one complete section from each kidney, five clearly distinguishable medullary rays from separate regions of the section were identified and the number of mature glomeruli along one side of the medullary ray was counted. An average number of glomerular generations was determined for each kidney.
Glomerular morphology. One complete kidney section from each kidney was systematically sampled at a step length of 1 mm. At each field of view, the numbers of normal and abnormal mature glomeruli were recorded. Glomeruli were classified as abnormal if they exhibited a grossly enlarged Bowman's space and a shrunken glomerular tuft (10, 31, 32) . The percentage of abnormal glomeruli per kidney was determined.
Statistical Analysis
Data were analyzed using GraphPad Prism software (v5.03 for Windows) and Intercooled Stata (v8.0 for Windows) and graphed as means Ϯ SE. Analysis of physiological parameters (fluid intake, urine output, and blood pressure) was undertaken using a two-way repeated measures ANOVA, with the factors T (Treatment), A (Age), and TxA (Interaction). To determine differences between groups at individual time points, the two-way ANOVA was followed by a Bonferroni post hoc test. To determine differences in categorical variables among groups [including ductus closure, dopamine administration, hydrocortisone administration, oliguria, and a high (Ͼ5%) or low (Ͻ5%) percentage of abnormal glomeruli], a Fisher's exact test was performed. All other statistical comparisons among groups (body and kidney weights, assessments of renal morphology) were performed using a one-way ANOVA followed by a Bonferroni post hoc test. Statistical significance was accepted at the level of P Յ 0.05.
RESULTS
Body Weight and Kidney Weight
Birth weight, necropsy weight, kidney weight, and kidney weight-to-body (necropsy) weight ratios for each group are shown in Table 1 . There was no significant difference between any of the gestational control (125d) or preterm (Untreated, Ibuprofen, IbuϩNOSi) groups in any parameter of body and kidney weight.
Fluid Intake and Urine Output
Fluid intake was reduced significantly with increasing postnatal age (Fig. 1A) . There was no effect of treatment on fluid intake, but a significant interaction effect between postnatal age and treatment was evident.
There was no significant effect of treatment on urine output over the 6 days of life (Fig. 1B) . Overall, there was a significant effect of postnatal age on urine output, and a significant interaction effect between postnatal age and treatment. Urine output was significantly reduced in the IbuϩNOSi group compared with the Untreated group at both 96 and 120 h of age.
Oliguria (urine output Ͻ1 mg·kg Ϫ1 ·h
Ϫ1
) was exhibited in three of eight Untreated animals, one of six Ibuprofen animals, and one of four IbuϩNOSi animals, with no association between treatment group and oliguria (P ϭ 0.80).
Ductus Closure and Blood Pressure
There was a strong association between treatment and ductus closure (P ϭ 0.005). In all Ibuprofen-and IbuϩNOSi-treated animals, the ductus was closed on days 2-3 of life and remained closed until necropsy. Two of the Untreated animals achieved ductus closure, which occurred on day 4 of life. In the remainder of Untreated animals, the ductus remained open throughout the 6-day study period.
Overall, there was a significant effect of postnatal age on mean blood pressure (Fig. 1C) . There was also a strong trend toward an effect of treatment on mean blood pressure; however, this did not quite reach statistical significance (P ϭ 0.08).
There was a significant association between treatment group and dopamine administration (P ϭ 0.002), where it was required in seven of eight Untreated, none of six Ibuprofen, and two of four IbuϩNOSi animals. Similarly, hydrocortisone administration was most common in the Untreated group, where it was required in four of eight animals, and was not administered to any of the Ibuprofen or IbuϩNOSi animals (P ϭ 0.05).
Nephrogenic Zone Width
As shown in Fig. 2 , the width of the nephrogenic zone averaged 176.1 Ϯ 6.9 m in the 125d gestational control group and was not different from the Untreated group at postnatal day 6 (169.7 Ϯ 8.8 m). Ibuprofen treatment alone significantly reduced nephrogenic zone width by 30% compared with the Values are given as the mean Ϯ SE. NOSi, nitric oxide synthase inhibitor. 125d group, and 27% compared with the Untreated group, with a mean of 123.5 Ϯ 5.8 m. IbuϩNOSi animals had a mean nephrogenic zone width of 152.7 Ϯ 3.9 m, which was not different to any other group.
Glomerular Generation Number
In the 125d gestational control group, the number of glomerular generations averaged 6.8 Ϯ 0.2. Similarly, in the Untreated group at postnatal day 6, the mean glomerular generation number was 6.4 Ϯ 0.1. There was no effect of Ibuprofen (6.6 Ϯ 0.1) or IbuϩNOSi (6.7 Ϯ 0.2) treatment on glomerular generation number.
Glomerular Morphology
Morphologically abnormal glomeruli, with an enlarged Bowman's space and shrunken glomerular tuft (Fig. 3) , were commonly observed in the outer renal cortex of the preterm kidneys at postnatal day 6, whereas the percentage of abnormal glomeruli was negligible (ranging from 0.0 to 2.4%) in the 125d gestational controls (Fig. 4) . In the Untreated group, the percentage of abnormal glomeruli was markedly variable among individuals, ranging from 0.0 to 22.9%. Similarly, in the Ibuprofen group the range was 0.0 to 6.1%. In the IbuϩNOSi animals, however, the percentage of abnormal glomeruli ranged from 0.0 to 1.4%. The percentage of abnormal glomeruli was not statistically different among the four groups.
Five animals (Untreated: n ϭ 4, Ibuprofen: n ϭ 1) had a percentage of abnormal glomeruli Ͼ5% (Fig. 4) . At 24 h of age, mean blood pressure was significantly reduced in the group of animals with Ͼ5% of abnormal glomeruli compared with those with a low percentage of abnormal glomeruli (P ϭ 0.01). There was also a trend toward decreased urine output at 48 h of age in those animals with a high percentage of abnormal glomeruli (P ϭ 0.06). Two of the five animals with Ͼ5% abnormal glomeruli, and 4 of the 13 with Ͻ5% abnormal glomeruli exhibited oliguria during the study period (P ϭ 1.00).
Four of the five animals with Ͼ5% abnormal glomeruli were treated with dopamine; this was not significantly different from the group of animals with a low percentage of abnormal glomeruli where 5 of 13 animals required dopamine treatment (P ϭ 0.29). The number of baboons that required hydrocortisone treatment was significantly greater (P ϭ 0.04) in the group of animals with Ͼ5% abnormal glomeruli (3 of 5 animals; 1 of 3 receiving 1 dose, and 2 of 3 receiving 3 doses) compared with the animals that exhibited a low percentage of abnormal glomeruli (1 of 13 animals receiving 1 dose).
DISCUSSION
Using a baboon model of preterm birth, where nephrogenesis is still ongoing postnatally, we have demonstrated that early postnatal exposure to the NSAID ibuprofen does not influence glomerular generation number or the percentage of morphologically abnormal glomeruli at postnatal day 6. Of concern, however, ibuprofen treatment led to a significantly reduced nephrogenic zone width, which may be indicative of the early cessation of nephrogenesis.
Pharmacological treatments for PDA have significant renal side effects in the preterm neonate. NSAID treatment increases renal vascular resistance, reduces renal blood flow (14, 30) , decreases glomerular filtration rate (1, 22) , and is an independent risk factor for the development of acute renal failure (4) . Similarly, NOS inhibition has been shown to significantly reduce renal blood flow, glomerular filtration rate, and alter tubular function in neonatal animals (27) . Furthermore, a combination of a NOS inhibitor and NSAID treatment has been shown to produce significant renal side effects (such as increased serum creatinine) in human preterm neonates (16) . In the current study, fluid intakes were reduced in all preterm neonates over the course of the study (Fig. 1) , likely in response to improved cardiovascular function and reductions in insensible fluid loss with increasing postnatal age. Urine output was significantly lower in the IbuϩNOSi group compared with the Untreated group at the 96-and 120-h time points, indicative that renal function was somewhat affected by the treatment; however, there was no effect in the Ibuprofen or IbuϩNOSi treatment groups on the number of animals that presented with oliguria during the study period.
As expected, there was a strong association between treatment and ductus closure, with all animals in the Ibuprofen and IbuϩNOSi groups achieving ductus closure by postnatal day 4 compared with just two animals in the Untreated group. The effect of treatment on mean blood pressure did not quite reach statistical significance (Fig. 1) ; however, dopamine and hydrocortisone treatment for hypotension was most common within the Untreated group. The lack of a substantial effect of treatment on blood pressure in this study may be explained by the strict maintenance of fluid requirements, and the adjustment of NOS inhibitor, dopamine, and hydrocortisone dosage in cases of significant hypo-and hypertension. Hence, it is to be noted that exposure to dopamine and hydrocortisone treatments is a confounding variable which could not be controlled for in this study.
Importantly, the results indicate that early postnatal exposure to ibuprofen leads to a significant reduction in nephrogenic zone width (Fig. 2) . The width of the nephrogenic zone measured just 123.5 Ϯ 5.8 m in the Ibuprofen group, reflecting a 27% reduction in width compared with the Untreated animals. A reduced nephrogenic zone width is suggestive of either an early cessation of nephrogenesis and/or an increase in renal maturation following treatment. Such an effect on nephrogenesis has the potential to result in a nephron deficit, which in turn has long-term consequences for renal health (9) . The finding of a reduced nephrogenic zone width is in accordance with previous studies in rodent models, where exposure to NSAIDs during the period of postnatal nephrogenesis (a longer time period of exposure than in the current study) resulted in impaired nephrogenesis (19) and also renal injury (18) . These effects may be mediated via the inhibition of COX enzyme activity within the developing kidney. COX expression has been shown to be essential for renal development, with COX-2 (but not COX-1) knockout mice exhibiting severe renal dysplasia at birth (21) . In addition, adult rats following both prenatal and early postnatal exposure to a COX-2 inhibitor exhibited a significant nephron deficit, with associated glomerular hypertrophy and glomerulosclerosis (25) . The exact role of COX-2 in renal development, however, has not been fully elucidated.
Interestingly, nephrogenic zone width in the group of animals that received the combined IbuϩNOSi treatment was not significantly reduced compared with the Untreated control group. This result suggests that the inhibition of nitric oxide synthesis may ameliorate the effects of ibuprofen treatment on width of the nephrogenic zone. The reasons for this are unknown; however, there is known to be much cross talk between the prostaglandin and nitric oxide pathways. In some tissues, for example, prostaglandin inhibition leads to a significant increase in NOS expression and nitric oxide production (29, 34) . Increased nitric oxide levels have been shown to inhibit cellular adhesion, extracellular matrix synthesis, and proliferation of cultured mesangial cells (7) , and also to promote glomerular apoptosis (20) . An analysis of prostaglandin and nitric oxide levels within the preterm kidney, particularly within the developing outer renal cortex, would help to elucidate the mechanisms underlying the response of nephrogenesis to NSAID and NOS inhibitor treatment.
Despite the reduced nephrogenic zone width, glomerular generation number was not affected; this likely relates to the early timing of examination at just 5 days following the onset of ibuprofen treatment. Furthermore, we would expect the potentially adverse effects of ibuprofen exposure may be of short duration given that the recommended treatment for patent ductus arteriosus is only three doses of either indomethacin or ibuprofen, at 12-to 24-h intervals (22) . Therefore, it is possible that any adverse effect NSAID exposure has on the kidney may be short-lived and therefore would not significantly influence final nephron endowment. Indeed Kent et al. (17) , in a stereological assessment of nephron endowment following in vivo NSAID exposure, demonstrated in a neonatal rat model that total nephron endowment was not altered following extended postnatal exposure to NSAIDs. In that study, the NSAIDs were administered over a period equivalent to 24-to 30-wk gestation in humans (17) , a much longer time period of exposure than in the current study. An examination of the baboon kidneys at a later postnatal time point, after the treatments and nephrogenesis have ceased, would be required to fully describe the long-term effects of NSAID exposure on renal development.
Consistent with previous studies in this model (10, 32) , and also in the human preterm neonate (31), morphologically abnormal glomeruli were commonly present in the outer renal cortex of the preterm kidneys (Fig. 3) . The proportion of abnormal glomeruli was highly variable; there was no statistically significant difference in the percentage of abnormal glomeruli among treatment groups (Fig. 4) . In the Untreated animals, the percentage of abnormal glomeruli ranged from as low as 0% to as high as 22.9% (a very abnormal kidney). Importantly, our findings demonstrate that ibuprofen treatment does not lead to the glomerular abnormalities associated with preterm birth. In the ibuprofen-treated animals, the number of abnormal glomeruli ranged from 0 to 6%; the animals that received the combined ibuprofen and NOS inhibitor treatment exhibited the lowest percentage of abnormal glomeruli, at 1.4% or less per kidney. Although glomerular abnormalities have been described in the human kidney following antenatal NSAID exposure (15, 33) , the results of this study clearly indicate that early postnatal exposure to ibuprofen is certainly not the cause of the abnormal glomeruli commonly observed in the outer renal cortex of the preterm kidney.
The cause of the glomerular abnormalities, therefore, remains unknown. In the current study, animals with a high percentage (Ͼ5%) of abnormal glomeruli had significantly lower blood pressure at 24 h of age, and also a trend toward a reduced urine output at 48 h of age, compared with those animals with a low percentage of abnormal glomeruli. Furthermore, there was a significant association between a high percentage of abnormal glomeruli and a requirement for hydrocortisone treatment. From these results it may be speculated that changes in blood pressure and perhaps renal blood flow may be involved in the formation of the morphologically abnormal glomeruli in the preterm kidney. An analysis of renal blood flow changes following preterm birth would be required in the future, however, to definitively establish whether this is the cause of the glomerular abnormalities.
Alternatively, it may be the hydrocortisone treatment itself (administered following persistent hypotension in baboon neonates that did not respond to dopamine treatment) that may be linked to the formation of abnormal glomeruli. It is to be noted, however, that we have previously shown in a separate cohort of animals that dopamine and hydrocortisone administration were not associated with a high percentage of abnormal glomeruli (32) ; in a group of 12 baboons delivered preterm at 125d gestation, the percentage of abnormal glomeruli per kidney ranged from 0.00 to 16.03% in baboons not exposed to dopamine (mean: 8.06 Ϯ 2.7%), and from 0.55 to 2.56% in baboons that were exposed (mean: 1.3 Ϯ 0.4%). When hydrocortisone was additionally administered, the percentage of abnormal glomeruli was very low (1.14%) (32) .
In conclusion, early postnatal ibuprofen treatment does not influence the percentage of morphologically abnormal glomeruli in the preterm kidney. Of concern, however, ibuprofen treatment led to a significantly reduced nephrogenic zone width, which may be indicative of the early cessation of nephrogenesis. Ultimately, this may impact on the number of nephrons formed in the preterm kidney.
